A means and method for ultrasonic measurement of texture non-destructively and efficiently. Texture characteristics are derived by transmitting ultrasound energy into the material, measuring the time it takes to be received by ultrasound receiving means, and calculating velocity of the ultrasound energy from the timed measurements. Textured characteristics can then be derived from the velocity calculations. One or more sets of ultrasound transmitters and receivers are utilized to derive velocity measurements in different angular orientations through the material and in different ultrasound modes. An ultrasound transmitter is utilized to direct ultrasound energy to the material and one or more ultrasound receivers are utilized to receive the same. The receivers are at a predetermined fixed distance from the transmitter. A control means is utilized to control transmission of the ultrasound, and a processing means derives timing, calculation of velocity and derivation of texture characteristics. 
Texture relates to a number of material properties such as hardness, grain size, ductility, strength, grain orientation, stress adaptability, and formabiliqty. A pri~ mary example of materials where texture characteristics are important is with respect to metals, and in particu lar, to rolled metal plates and sheets.
The most common forms of texture measurement utilize x-ray diffraction. These techniques most times require separation of random samples of the material so that they can be destructively tested. Furthermore, x-ray diffraction must be conducted in a laboratory setting with controlled environment, and takes signi? cant amounts of time to produce results. Although more portable x-ray diffraction systems are being developed, they still require destructive break-down of samples and signi?cant amounts of time. Moreover, x-ray diffraction produces valid results only with respect to near-surface layers of the material, even if the material is a relatively thin metal plate or sheet, and does not give information on texture for the entire cross-section of the material.
Current texture measurement procedures therefore can be improved upon. There is a real need for means and methods to derive reliable texture information from the entire cross-section of a material, and not just sur face layers. Texture characteristics can change drasti cally between the surface and inner layers of the mate rial. Secondly, there is a real need for the ability to derive texture information without the signi?cant time delays of x-ray diffraction, or the closely-related neutron dif fraction techniques.
Third, there is a real need for a means and method for texture measurement which can be applied directly to, and contemporaneously with, the normal production or processing of the materials. For example, it would be highly advantageous to be able to derive texture infor mation regarding rolled metal plate or sheet as it is being formed; and to do such monitoring non-destruc tively, and in the actual manufacturing environment of the plate or sheet. The elimination of destructive evalu ation which must be done with special equipment in special laboratory environment, would greatly reduce cost, and would allow contemporaneous monitoring It is therefore a principal object of the present inven tion to provide a means and method for ultrasonic mea surement of texture which overcomes or solves the problems and de?ciencies in the art.
A further object of the present invention is to provide a means and method as above described, which can accurately derive texture information from a material. A further object of the present invention is to provide a means and method as above described which is non destructive.
A further object of the present invention is to provide a means and method as above described which can derive texture information quickly and ef?ciently. A further object of the present invention is to provide a means and method as above described which can be operated in a wide variety of environments, including manufacturing and processing environments of the ma terial being investigated. '
A further object of the present invention is to provide a means and method as above described which can operate adequately notwithstanding environment changes such as in temperature.
These and other objects, features and advantages of the present invention will become more apparent with reference to the accompanying speci?cation and claims.
SUMMARY OF THE INVENTION
A means and, method for ultrasonic measurement of texture in materials, whereby texture measurement and information is nondesctructively, efficiently, and accu rately derived in a short period of time. According to the method, ultrasonic energy is transmitted into the material, and received by two ultrasonic energy re ceiver means positioned at a ?xed distance from each other and from the transmitter of the ultrasonic energy. The time between reception at each receiver is de tected, and velocity of the ultrasonic energy through the material is calculated. By utilizing these velocity measurements in appropriate calculations, texture char acteristics can be derived. Alternatively, one receiving transducer can be used and timing can take place be tween the transmitting and receiving transducer.
The means of the invention implements one or more sets of ultrasound transmitters and receivers. Each set consists of a transmitting transducer of ultrasound waves to direct the waves into the material, and at least one ultrasound receiving transducer, positioned at a predetermined distance from each other (if more than one receiving transducer), and positioned at a ?xed, predetermined distance from the transmitter, to receive the ultrasound waves after transmission through the material. A timing means detects and measures the time the waves take between the transmitting and receiving transducers, or each of the receiving transducers of each set if two are used. A processor means utilizes the timing measurement to calculate velocity of the waves, and then derives the texture information or characteris tics. Multiple sets of transmitters and receivers are used so that velocities can be measured for different plate modes of the rolled metal plate or sheet. Plate modes are explained in many of the references cited at the end -of this speci?cation, and are well known to those of ordinary skill in the art. ("Plate modes" is terminology from the ?eld of physical acoustics meaning particular sets of elastic waves in thin material, while "plate" and 5,048,340 3 "sheet" is terminology from the metals industry indicat ing thin metal material, sheet being thinner than plate).
The invention functions by incorporating mathemati cal formulations which produce texture characteristics estimations based upon knowing velocities of ultrasonic waves in the different modes through the material.
These mathematical formulations are set forth in a co pending, co-owned application, entitled "Method for The processing means and steps of the invention can control operation of and production of the transmitted ultrasonic waves, and can record, display, or otherwise further process the results for advantageous use. The invention therefore allows texture information to be derived which meets the above-stated objects, and which improves over the present state of the art. In the preferred embodiment, a first ultrasound re ceiver 18 and a second ultrasound receiver 20, both adjacent to plate 12, are also fixedly secured to the underside of steel rule 17 and are in appropriate opera tive orientationto receive ultrasound waves transmitted from transmitter 16 and propagated through plate or sheet 12. Receivers 18 and 20 are, in the preferred em bodiment, also electromagnetic acoustic transducers (EMATs), functioning in the "receive" or "catch" mode, such as is known in the art. Transmitter 16 is operating in the "transmit" or "pitch" mode.
BRIEF DESCRIPTION OF THE DRAWINGS
Receivers 18 and 20 are positioned a predetermined distance d; from one another and are aligned along the longitudinal axis of steel rule 17. Likewise, receiver 18 is positioned a predetermined distance d1 from transmitter 16. Transmitter 16 and receivers 18 and 20 are therefore angularly stationary with respect to each other but are adjustable as a set on steel rule 17 with respect to the surface and rolling direction 14 of plate or sheet 12 so that, as a set, they are adapted to receive ultrasonic waves at various angular orientations to plate or sheet 12 ( see FIG. 2) . It is to be again understood that timing measurements could also be made by timing the ultra sound between transmitter 16 and a single receiving At the same time, generator 40 is sending sync signals to receivers 32 and 34, which temporarily "turns off" those items to prevent saturation due to the transmitted ultrasound. The "sync" signal from burst rate generator 40 to receiving circuits 32 and 34 thus serves as a "main bang killer", temporarily disabling or inhibiting circuits 32 and 34. This inhibiting lasts only a short enough time (on the order of a microsecond) so circuits 32 and 34 do not become overloaded or saturated by the initial "main bang" (large radio frequency signal) of transmitter 16, but are turned back on well before they are needed to receive the ultrasound signals needed for timing mea surements, which is generally 10 microseconds or more after the "main bang". FIGS. 3 and 4 depict two embodiments of EMATs which could be used for measurements in the S0 and SHa modes. These EMATs are well known within the art and are not a part of this invention. Their operation is also well known within the art. As can be seen in   FIG. 3 , an EMAT designed to excite and detect ultra sonic SH (shear horizontal) waves is shown. This par ticular embodiment is con?gured to excite and detect wave lengths of 7\=O.l24 inches. It utilizes a periodic permanent magnet and an EMAT coil to generate eddy currents within the material to excite a shear horizontal mode of sound when used as a transmitter, and detects the same when used as a receiver .   FIG. 4 shows an embodiment of an EMAT designed to excite Sn (extensional or Lamb) ultrasonic waves. It utilizes a permanent magnet with a meander type of coil to accomplish the same.
FIG. 5 depicts in graphic form guided wave propaga tion in thin isotropic plates in the S0 and 51-10 modes. It is to be understood that in the SH0 mode the system is essentially measuring the anisotropy of the shear modu lus for deformations in the plane of the plate. In the 5,, mode, the anisotropy of a quantity is measured which can be qualitatively characterized as Young's Modulus.
This measurement requires that the wavelength be large with respect to the plate thickness. As previously stated, the S0 mode is also commonly referred to-as the funda mental symmetric Lamb mode. Thus, it is to be understood that distance d; is sufficient to allow for valid time measurements to an acceptable level of accuracy, such as is known in the art. If timing is accomplished between transmitter 16 and a single receiving transducer, distance d1 is pre-calibrated to derive velocity of the ultrasound.
The method of operation of the invention utilizes the processes set forth in co-pending, co-owned application entitled "A Method for Ultrasonic Measurement of Texture", by Thompson, Smith, Lee, and Li, Serial No. 188,495 now US. Pat. No. 499,589, ?led Apr. 29, 1988 , incorporated herein by reference. It is there disclosed that mathematical formulationshave been developed, which with improved accuracy, can estimate the tex ture characteristics of rolled metal plate from velocity measurements of ultrasound.
It is known that rolled metal plate has basically a crystallite structure. The structure has been modeled as a continuum, having macroscopic orthotropic symme try, which is depicted in the form of three mutually perpendicular mirror planes. It has also been disclosed In the preferred embodiment, the plate modes of interest are SHO and S0, whereas the coefficients of interest are W400, W420, and W440. It is to be understood that W400, W420, and W440 are required for cubic metals such as copper, aluminum, and steel, but more coeffici ents are required for hexagonal metals, such as titanium. The invention can be easily extended for such materials according to the principles disclosed herein. The degree of preferred orientation of crystallites of the metal plate are quanti?ed by a CODF represented by w( §, 111, tb),
where the arguments are Euler angles describing the orientation of crystallites with respect to the sample axes. The orientation distribution coefficients, Wlmn are predicted as follows:
conventionally, the CODF is set forth as a series of generalized Legendre functions (21m). R. J. Rose, J Appl. Phys, 37 (1966) , p. 2069.
A conventional CODF can be expressed as:
For cubic crystallites, symmetry dictates that the lowest order independent coefficients are WQQQ= §V21TZ (a normalization constant), and W400, W420, and W440. Following the Voigt procedure for averaging elastic constants, the polycrystalline elastic It has been determined that velocity of two ultrasonic plate modes (S0 and SHO) must be measured in three propagation directions in order to determine the coeffi cients W400, W420, and W440. This requirement is de rived from the previous equations. Therefore, in the preferred embodiment of the present invention, velocity measurements are taken at 0?, 45° and 90° with respect to the rolling direction of plate 12. It is further preferred that these three measurements be taken by one set of transmitters 16 and receivers 18 and 20 for the S0 mode, and an additional set of transmitters 16 and receivers 18 and 20 for the SH0 mode.
Absolute velocities of the ultrasonic waves measured are obtained using this method. It is to be understood that EMAT transducers are utilized because of their couplant free operation and their ability to operate in a high temperature environment, which is necessary if system 10 is used directly in the manufacturing, produc tion, or process control of metal rolled plate 12. How ever. other types of ultrasound transmitters and receiv ers can be used according to the invention.
In the preferred embodiment, ultrasonic velocity is determined by measuring the time difference between two received ultrasonic bursts by digital or analog im plementations of zero-crossing, cross-correlation tech niques or Fourier transform phase techniques. It is to be understood that in the preferred embodiment, fre quency of the bursts is at rf (radio frequency). It is further to be understood that because many points on the wave form contribute to the velocity determination, a precise time difference measurement is obtained.
Oscilloscope 26 where w is the crystalline orientation distribution func tion expressed in terms of Euler angles 0, 111, d>, §=cos 6 and wimn are unknown coef?cients that characterize texture with l,m,n being integers, these coefficients being determined from the ultrasonic velocity measure ments, and Zlmn are generalized Legendre functions.
14. The apparatus of claim 13 wherein Wm", deter mined from the velocity measurements, are W400, W430, and W44(). where w is the crystalline orientation distribution func tion expressed in terms of Euler angles 9. I11. d2. §=cos 0. and w1,,,,, are unknown coef?cients that characterize texture with l,m, n being integers, these coef?cients being deter 
